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Abstract

The d18O value of nitrate produced during nitrification (d18ONO3,nit) was measured in experiments designed to
mimic oceanic conditions, involving cocultures of ammonia-oxidizing bacteria or ammonia-oxidizing archaea and
nitrite-oxidizing bacteria, as well as natural marine assemblages. The estimates of d18ONO3,nit ranged from 21.5%
6 0.1% to +1.3% 6 1.4% at d18O values of water (H2O) and dissolved oxygen (O2) of 0% and 24.2% vs. Vienna
Standard Mean Ocean Water, respectively. Additions of 18O-enriched H2O allowed us to evaluate the effects of
oxygen (O) isotope fractionation and exchange on d18ONO3,nit. Kinetic isotope effects for the incorporation of O
atoms were the most important factors for setting overall d18ONO3,nit values relative to the substrates (O2 and
H2O). These isotope effects ranged from +10% to +22% for ammonia oxidation (O2 plus H2O incorporation) and
from +1% to +27% for incorporation of H2O during nitrite oxidation. d18ONO3,nit values were also affected by the
amount and duration of nitrite accumulation, which permitted abiotic O atom exchange between nitrite and H2O.
Coculture incubations where ammonia oxidation and nitrite oxidation were tightly coupled showed low levels of
nitrite accumulation and exchange (3% 6 4%). These experiments had d18ONO3,nit values of 21.5% to +0.7%.
Field experiments had greater accumulation of nitrite and a higher amount of exchange (22% to 100%), yielding
an average d18ONO3,nit value of +1.9% 6 3.0%. Low levels of biologically catalyzed exchange in coculture
experiments may be representative of nitrification in much of the ocean where nitrite accumulation is low. Abiotic
oxygen isotope exchange may be important where nitrite does accumulate, such as oceanic primary and secondary
nitrite maxima.

A supply of bioavailable nitrogen (N) in the form of
nitrate (NO{

3 ) is important for primary production and
carbon export to the deep ocean (Eppley and Peterson
1979), and understanding the oceanic nitrate budget is
essential to understanding past, present, and future ocean
productivity (Codispoti et al. 2001). Stoichiometry-based
geochemical estimates of the oceanic nitrate budget often
return a nearly balanced budget, albeit with large
uncertainties (Gruber and Sarmiento 1997; Gruber and
Galloway 2008). Construction of an oceanic nitrate bud-
get based on d15N (d15N (%) 5 (15N /14Nsample 4 15N/
14Nstandard 2 1) 3 1000) leads to a budget with sinks
(burial, denitrification, and anammox) far outweighing the
sources (N fixation, continental runoff, and atmospheric
deposition; Brandes and Devol 2002; Deutsch et al. 2004).
Because sedimentary records are inconsistent with such an
imbalance (Deutsch et al. 2004; Altabet 2007), this
prediction demonstrates gaps in our understanding of the
oceanic nitrogen budget and its isotopic systematics.

Since the development of the denitrifier method for
isotopic analysis of nitrate (Sigman et al. 2001; Casciotti
et al. 2002), many studies have focused on the use of

coupled N and oxygen (O) isotopes in nitrate to help
constrain oceanic N cycling and the nitrate budget. The
value of the coupled isotope approach is that the d18O (d18O
(%) 5 (18O /16Osample 4 18O /16Ostandard 2 1) 3 1000) value
of nitrate (d18ONO3

) is set by a different set of processes than
its d15N value (d15NNO3

) (Sigman et al. 2005). Water column
denitrification, sedimentary denitrification, and nitrate as-
similation are processes that fractionate N and O isotopes
equally (Granger et al. 2004; Granger et al. 2008), but nitrate
regeneration can decouple the N and O isotopes in nitrate
(Sigman et al. 2009). During nitrate uptake and regenera-
tion, N atoms are recycled between fixed N pools, while O
atoms are removed, then replaced by the nitrification
process. Therefore, while the N isotope budget is sensitive
only to input (nitrogen fixation) and output (denitrification)
processes, the O isotopes in nitrate are sensitive to internal
cycling (assimilation, regeneration, nitrification) as well. To
determine the relative amounts of water column denitrifica-
tion and sedimentary denitrification using the d18O values of
deep ocean nitrate, it is necessary to account for the nitrate
d18O variations caused by internal cycling, and a key
parameter here is the d18O value of nitrate produced by
nitrification (d18ONO3,nit).

The microbial process of nitrification is carried out in
two main steps: ammonia oxidation to nitrite, followed by
nitrite oxidation to nitrate (Fig. 1). d18ONO3,nit is deter-
mined by the d18O values of O atom sources (O2 and H2O;
Andersson and Hooper 1983; Kumar et al. 1983), the
amount of O atom exchange between nitrite and H2O (x),
and the isotope effects involved with O atom incorporation
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(18ek,O2
, 18ek,H2O,1, 18ek,H2O,2) and exchange (18eeq; Casciotti

et al. 2010; Buchwald and Casciotti 2010). In the deep
ocean, d18OH2O values vary little (20.5% to +0.5% vs.
Vienna Standard Mean Ocean Water [VSMOW]; Epstein
and Mayeda 1953), while d18OO2

values range from +24.2%
to near +36% vs. VSMOW (Bender 1990). The d18O value
of deep ocean nitrate, which sets an upper limit on
d18ONO3,nit, is less than +2.5% vs. VSMOW on average
and varies little (6 1.0%) relative to variations in d18OO2

in
the ocean interior (Casciotti et al. 2002; Sigman et al. 2009).
These features of oceanic d18ONO3

(low d18O value and little
variation in intermediate and deep water) would seem to
argue against retention of O from O2 introduced during
ammonia oxidation.

Early studies of ammonia oxidation suggest that a large
amount of oxygen isotope exchange may occur between
nitrite and H2O, consistent with a loss of the primary O2

signal (Dua et al. 1979; Andersson et al. 1982). Therefore,
efforts to use d18ONO3

values as constraints on oceanic
nitrogen cycling have generally assumed that d18ONO3,nit is
equal to that of seawater (near 0% vs. VSMOW) due to full
equilibration of nitrite with H2O during ammonia oxida-
tion (Casciotti and McIlvin 2007; DiFiore et al. 2009;
Sigman et al. 2009). However, equilibration between nitrite
and H2O has recently been shown to involve a temperature-
dependent equilibrium isotope effect between nitrite and
H2O of +11% to +15% (Casciotti et al. 2007; C. Buchwald
and K. L. Casciotti unpubl.). Full expression of the
equilibrium isotope effect during nitrification, or abiotic
exchange thereafter, should lead to production of nitrite
with d18O values of +11% to +15% vs. VSMOW. While
incorporation of H2O during nitrite oxidation can lower
the d18O value of the final nitrate produced, in order to
achieve d18ONO3

source values near 0%, H2O incorporation
would need to occur with an isotope effect (18ek,H2O,2) of
approximately 28%, which is larger than has been observed
to date (12.8% to 18.2%; Buchwald and Casciotti 2010).

Some recent experiments accounting for abiotic exchange
have shown that ammonia oxidation is likely to retain a sig-
nificant fraction of the O atoms incorporated from O2

(Casciotti et al. 2010). These experiments also demonstrated
that isotopic fractionation associated with O atom incorpo-
ration during ammonia oxidation (Casciotti et al. 2010) and
nitrite oxidation (Buchwald and Casciotti 2010) provides
an additional mechanism for achieving low d18ONO3,nit

values with incomplete O atom exchange. Putting together
results from laboratory monoculture experiments, Buchwald
and Casciotti (2010) predicted d18ONO3,nit 5 28.3% to
20.7% in seawater with d18OH2O 5 0% and d18OO2

5
+24.2%. The large range in predicted d18ONO3,nit occurred as

a result of variations in the amount of exchange and kinetic
isotope fractionation expressed during ammonia oxidation
and nitrite oxidation among the different bacterial species
studied. While these values span the range required to
explain a deep ocean d18ONO3

value of +2.5%, they lack
sufficient predictive power for use in interpretation or
modeling of oceanic nitrate isotope distributions. Deter-
mination of the oxygen isotopic exchange and fraction-
ation during nitrification under natural environmental
conditions is therefore critical to predicting the source of
d18O in nitrate and its variation with seawater d18OH2O and
d18OO2

.
The goal of this study was to determine the d18O value

of nitrate that is produced during nitrification under more
natural conditions than the previous experiments, using
mixed communities where ammonia oxidation and nitrite
oxidation are tightly coupled. Laboratory cocultures of
ammonia-oxidizing bacteria (AOB) or archaea (AOA) with
nitrite-oxidizing bacteria (NOB) and natural microbial
assemblages from temperate and tropical ocean sites were
used to examine the importance of nitrite accumulation
(magnitude and duration) and isotopic exchange on the
resulting d18ONO3

values. This information is important for
evaluating the factors controlling the d18O value of newly
produced nitrate and interpreting d18ONO3

in the ocean.

Methods

Culture maintenance—Three cultures were used in paired
laboratory coculture experiments: Nitrosomonas sp. C-113a, a
marine AOB isolated from the Red Sea (Ward and Carlucci
1985); CN25, an AOA enrichment from the California
Current (Santoro and Casciotti 2011); and Nitrococcus mobilis,
a marine NOB isolated from the Galapagos Islands (Watson
and Waterbury 1971). Maintenance batch cultures of C-113a
were grown in Watson medium (Watson 1965) with
10 mmol L21 NHz

4 . The ammonia-oxidizing archaeal
enrichment was grown in oligotrophic North Pacific medium
consisting of 0.2-mm–filtered North Pacific surface seawater
amended with 10–100 mmol L21 NH4Cl, 1 mL L21 chelated
trace elements solution (Balch et al. 1979), and 2 mg L21

KH2PO4 (Santoro and Casciotti 2011). The nitrite-oxidizing
species, N. mobilis, was grown in batch culture in medium with
75% artificial seawater and 25% distilled water amended with
400 mmol L21 MgSO4, 30 mmol L21 CaCl2, 5 mmol L21

K2HPO4, 2.3 mmol L21 Fe(III)-ethylenediaminetetraacetic
acid (‘‘Geigy iron’’), 0.1 mmol L21 Na2MoO4, 0.25 mmol L21

MnCl2, 0.002 mmol L21 CoCl2, 0.08 mmol L21 ZnSO4, and
10 mmol L21 NO{

2 (Watson and Waterbury 1971).

Fig. 1. Nitrification pathway showing oxygen atom sources with isotope effects for incorporation and exchange.
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Coculture experimental conditions—Two types of cocul-
ture experiments were conducted in the laboratory: (1)
cocultures of C-113a and N. mobilis and (2) cocultures of
an ammonia-oxidizing archaeal enrichment (CN25) and N.
mobilis (Table 1; Fig. 2). Incubations of C-113a and N.
mobilis were conducted in Watson medium made with
artificial seawater and an initial ammonium concentration
of 50 mmol L21. To ensure consistent behavior with
previous experiments, monoculture incubations of each
bacterium were run in parallel. Finally, abiotic equilibra-
tion of nitrite O atoms with H2O was tracked through
incubation of abiotic controls (uninoculated sterile media)
with 50 mmol L21 nitrite added.

For each coculture experiment (CCE), media with four
different d18OH2O values (between 25% and +216%) were
prepared in replicate 200-mL volumes with additions of
0, 2.5, 5, and 10 mL of 18O-enriched (d18OH2O 5 +5000%)
water. Cells for each CCE were harvested from mainte-
nance cultures by filtration (200 mL for AOB and 10 mL
for NOB, to achieve similar cell densities). Filtered cells
were washed and resuspended in 8 mL of filtered artificial
seawater, then added to the incubation bottles (1 mL per
bottle). In CCE 4, three parallel treatments were carried out
with AOB and three different volumes of NOB inoculum
(1 mL, 100 mL, or 10 mL concentrated cell suspension),
which yielded approximately 1.7 3 104, 1.7 3 103, 1.7 3
102 cells mL21, respectively. Each inoculum level was
incubated with four different d18OH2O media, as described
above. In CCEs 1, 2, and 4, subsamples of 15 mL were
collected throughout the incubations to monitor changes in
the concentrations of ammonia, nitrite, and nitrate over
time (3–16 d). In CCE 3 only initial and final (22 d) time
points were collected.

The incubations involving AOA enrichments were initi-
ated by splitting a 1-liter batch culture among eight different
bottles, rather than filtering and resuspending the cells,
which has a deleterious effect on AOA growth. Four of the
eight bottles were inoculated with NOB, and four were
incubated without NOB. For the incubations including
NOB, 10 mL of N. mobilis cells were filtered, washed, and
resuspended in 4 mL of filtered seawater, then injected into
the four coculture bottles (1 mL per bottle). Both sets of four
bottles were comprised of four media d18OH2O values,
achieved by additions of 18O-enriched water (d18OH2O 5
+5000%) as described above. Because the AOA cultures
were maintained in their spent medium, each experiment
began with preexisting nitrite and ammonium. At the
beginning of the coculture experiments, ammonium was
amended to a total of 100 mmol L21 in each bottle. Samples
were collected initially and periodically over the course of
23–59 d to monitor changes in the concentrations and iso-
topic composition of nitrite and nitrate over time. Bottles of
sterile AOA medium with varying d18OH2O additions were
spiked with 100 mmol L21 ammonium and 100 mmol L21

nitrite and sampled in parallel to assess abiotic exchange
rates in this medium.

Natural community experiments—Three field experi-
ments (FEs) were conducted using surface water collected
from Vineyard Sound in Woods Hole, Massachusetts in

September 2009, October 2009, and March 2010. Nine field
experiments were conducted on a cruise to the Costa Rica
Upwelling Dome (CRD) in July 2010 (MV1008), only three
of which were successful and will be discussed here. Finally,
two field experiments were conducted in the Eastern
Tropical South Pacific (ETSP) in March–April 2011
(MV1104).

Vineyard Sound surface water was bucket sampled into
4-liter amber bottles, which were rinsed with sample water
prior to filling and brought back to the laboratory to ini-
tiate experiments. In each of the first two Vineyard Sound
experiments (FEs 7 and 8), three large (1 liter) bottles of
natural seawater were incubated with 50 mmol L21 am-
monium but no 18O-enriched water, and 12 smaller
(160 mL) serum bottles were incubated with different
amounts of 18O-enriched water in addition to the added
ammonium. Nitrification was never detected in the 160-
mL bottles, and they will not be discussed further. In FE 9,
500 mL of water was incubated in four different
Erlenmeyer flasks that each received 50 mmol L21 ammo-
nium and a different amount (0, 2.5, 5, or 10 mL) of 18O-
enriched water (d18OH2O 5 +5000%). In FE 9, 500 mL of
sea water was also 0.22-mm filtered and then incubated
with nitrite in a sterile flask with 10 mL of 18O-enriched
water to monitor abiotic exchange. All experiments were
initiated by the addition of ammonium and then moni-
tored and subsampled during conversion to nitrite and
nitrate over a period of 50 to 84 d.

Successful incubations from the CRD were set up using
water from the surface (2 m) and from the primary nitrite
maximum (20 m) at one station (10u89N, 93u09W, Sta. 3)
and the primary nitrite maximum (30 m) at another sta-
tion (8u599N, 90u309W, Sta. 2). At each station and depth,
whole water was collected from 100-liter Niskin bottles and
split among eight 500-mL acid-cleaned clear polycarbonate
bottles (to have duplicate incubations at each d18OH2O

value). Four bottles were also set up as abiotic controls by
0.2-mm filtering water from the same depths into acid-
cleaned polycarbonate bottles. Each experiment received
the 18O-enriched H2O spikes and a starting ammonium
concentration of 50 mmol L21 and was subsampled over a
period of 67, 113, or 98 d.

Nearly identical incubations were set up using water
from the surface (2 m) and from just below the primary
nitrite maximum (111 m) in the ETSP (10u09S, 89u599W).
The main difference was that at each depth, two sets of
eight acid-cleaned polycarbonate bottles were set up with
lower starting ammonium concentrations (one set at
1 mmol L21 and the second set at 5 mmol L21). Bottles
were subsampled periodically to check nitrite concentra-
tions but were only sampled for d18ONO3

measurements
initially and after full conversion of ammonium to nitrate
(180 d).

Concentration analysis—Ammonium concentrations
were measured using the indophenol blue assay (Solorzano
1969). Nitrite concentrations were measured using the
Greiss–Ilosvay colorimetric method (Strickland and Par-
sons 1972). Ammonium and nitrite samples were measured
at wavelengths of 640 and 543 nm, respectively, on an

Oxygen isotopes of nitrification 1363



Table 1. Summary of experiments.

Expt

Organisms or
field location

and depth
Duration of

incubation (d)
Days of nitrite
accumulation

Maximum accu-
mulated nitrite

(mmol L21)
D[Nitrate] 4
D[Ammonium]

d18OH2O (% vs.
VSMOW)*

d18ONO3,nit (%
vs. VSMOW){

1 C-113a,
N. mobilis

3 2 4.0 0.91 25.4 25.2
4.0 0.90 25.4 25.3
4.0 0.89 17.7 10.8
4.0 0.90 17.7 10.8
4.0 0.90 40.5 26.6
4.0 0.88 40.7 26.9
4.0 0.90 85.6 58.1
4.0 0.92 85.7 58

2 C-113a,
N. mobilis

5.4 3.5 1.1 0.98 25.8 25.7
1.1 1.05 25.8 25.2
1.1 0.98 85.4 56.7
1.1 1.01 85.4 56.9

3 C-113a,
N. mobilis

nd nd nd 0.98 25.2 24.3
nd 1.04 25.2 24.4
nd 0.99 48.8 30.8
nd 0.96 48.8 30.9
nd 0.97 106.1 68.2
nd 0.99 106.1 68.0
nd 1.01 216.0 137.3
nd 1.07 216.0 140.1

4a C-113a,
N. mobilis

3.25 3 1.4 1.04 25.3 25.3
1.4 1.18 16.9 10.9
1.3 1.15 39.6 25.4
1.2 1.09 82.1 54.8

4b C-113a,
N. mobilis

7.25 7 25.5 1.18 26.9 24.0
25.2 0.96 17.3 12.2
24.9 0.99 39.5 28.1
24.2 1.18 81.2 58.6

4c C-113a,
N. mobilis

16.25 16 45.1 1.16 25.2 23.7
45.5 0.99 17.1 12.9
45.8 1.01 39.4 30.3
45.1 0.97 81.1 61.3

5 AOA enrichment,
N. mobilis

23 15 1.7 0.79 0.2 21.4
1.9 1.04 19.6 11.7
1.1 1.06 37.2 23.8
0.9 0.95 75.5 50.4

6 AOA enrichment,
N. mobilis

59 nd 1.7 1.09 20.4 0.4
1.9 1.00 20.1 14.1
1.1 1.15 41.3 20.0
0.9 1.14 80.5 54.1

7 Vineyard Sound 1,
surface

59 13–39 46.7 1.24 21.5 0.5
49.2 1.09 21.5 1.3

8 Vineyard Sound 2,
surface

50 10–39 48.4 0.99 21.8 20.3
47.2 1.09 21.8 20.7
47.9 1.05 21.8 20.1

9 Vineyard Sound 3,
surface

84 nd 52.0 1.05 22.2 2.7
52.1 1.07 22.1 22.8
51.9 1.07 44.4 45.4
51.4 1.04 90.7 83.0

10 Costa Rica Dome,
Sta. 2 (30 m)

79 26–58 41.6 0.93 20.1 0.6
35.0 0.92 20.0 0.1
31.4 0.91 22.2 24.5
26.6 0.94 21.5 20.2
32.7 0.86 43.5 46.4
36.1 0.87 88.8 88.3
38.7 0.88 85.1 90.6

11 Costa Rica Dome,
Sta. 3 (2 m)

93 na 46.5 0.14 20.3 na
44.3 0.14 0.0 na
44.7 0.11 22.3 na
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Amersham Biosciences Ultrospec 2100 spectrophotometer
using a Gilson 220XL autosampler. Nitrate plus nitrite was
measured using hot vanadium reduction to nitric oxide
(Cox 1980; Garside 1982) and detection on a Monitor Labs
Nitrogen Oxides Detector (model No. 8840). Bracketing
standards were used for each method, with concentrations
ranging from 0 to 100 mmol L21. Measurement precision
was 0.2 mmol L21 for all methods.

Isotopic analysis—Nitrite d15N and d18O measurements
were made using the azide method (McIlvin and Altabet
2005). Samples were analyzed in duplicate against three
standards with known isotopic values: N-23, N-7373, and
N-10219 (Casciotti et al. 2007), which were analyzed in
triplicate with each run and are reported in per mil (%)
notation vs. atmospheric N2 (air) for d15N and vs.

VSMOW for d18O measurements. Sample volumes were
injected to obtain 5–20 nmoles of N2O with matching
standard amounts. The standard deviation for d15NNO2

and
d18ONO2

analyses was better than 0.2% and 0.3%,
respectively, within and between runs.

Water d18O values were measured by equilibration of
oxygen atoms with nitrite, followed by a modified azide
method (McIlvin and Casciotti 2006). Samples were
analyzed in duplicate and reported on the VSMOW re-
ference scale by calibration against replicate d18OH2O and
d18ONO2

reference materials analyzed in parallel (McIlvin
and Casciotti 2006). The standard deviation for d18OH2O

analyses is 0.3%, within and between runs.
Nitrate d15N and d18O values were measured using the

denitrifier method (Sigman et al. 2001; Casciotti et al. 2002;
McIlvin and Casciotti 2011). Samples were analyzed in

Expt

Organisms or
field location

and depth
Duration of

incubation (d)
Days of nitrite
accumulation

Maximum accu-
mulated nitrite

(mmol L21)
D[Nitrate] 4
D[Ammonium]

d18OH2O (% vs.
VSMOW)*

d18ONO3,nit (%
vs. VSMOW){

44.7 0.11 21.8 na
44.7 0.14 42.9 na
46.4 0.20 87.6 na
31.2 0.05 86.5 na

12 Costa Rica Dome,
Sta. 3 (20 m)

113 na 46.3 0.13 20.1 na
46.8 0.11 22.6 na
46.5 0.13 21.3 na
42.0 0.04 42.3 na

13 Eastern Tropical
South Pacific,
Sta. 9 (111 m)

nd nd nd 1.61 0.2 3.5
nd 1.53 0.5 5.2
nd 1.46 22.1 18.8
nd 1.50 22.5 20.7
nd 1.87 46.3 37.7
nd 1.44 45.4 44.2
nd 1.47 89.1 76.9
nd 1.57 82.6 69.6

nd, not determined because there was too little nitrite or sampled too infrequently; na, not applicable because nitrate was not produced.
* Uncertainties in d18OH2O were less than 0.5%.
{ Uncertainties in d18ONO3

were less than 0.5%.

Table 1. Continued.

Fig. 2. A schematic of the experiments indicating the parameters that were measured in each experiment.
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duplicate against three reference materials with known
isotopic values: USGS32, USGS34, and USGS35 (Böhlke
et al. 2003) and are reported vs. air for d15N and VSMOW
for d18O. Each reference material was analyzed six times
per set of 60 samples. The standard deviation for d15NNO3

and d18ONO3
analyses was better than 0.2% and 0.3%,

respectively, within and between runs. Samples containing
both nitrite and nitrate were treated with sulfamic acid to
remove nitrite prior to nitrate isotopic analysis (Granger
and Sigman 2009).

Calculating exchange and kinetic isotope effects—
d18ONO2

and d18ONO3
produced during nitrification

(d18ONO2,nit and d18ONO3,nit, respectively) depend on many
factors, including the d18O values of substrates (d18OO2

and
d18OH2O), isotopic fractionation associated with incorpora-
tion of these substrates during ammonia oxidation (18ek,O2

,
18ek,H2O,1) and nitrite oxidation (18ek,H2O,2), and oxygen
isotope exchange between nitrite and H2O (18eeq; Fig. 1;
Casciotti et al. 2010, 2011; Snider et al. 2010). The fraction
of nitrite oxygen atoms exchanged with H2O during nitrite
oxidation (xNO) is generally negligible (Kumar et al. 1983;
DiSpirito and Hooper 1986; Buchwald and Casciotti 2010),
while the exchange during ammonia oxidation (xAO) is
highly variable and dependent on organism and growth
conditions (Dua et al. 1979; Andersson et al. 1982;
Casciotti et al. 2010). The oxygen isotope effect for nitrite
oxidation (18ek,NO2

) will also affect d18ONO2
and d18ONO3

if
nitrite oxidation is incomplete (Buchwald and Casciotti
2010) but is excluded here in the formulation for
d18ONO3,final

.
Equation 1 describes the d18ONO2

produced through
ammonia oxidation (Casciotti et al. 2010), and Eq. 2
describes the d18ONO3

produced when nitrite oxidation goes
to completion (d18ONO3,final

; Buchwald and Casciotti 2010).
The symbols are as defined above.

d18ONO2
~

1

2
d18OO2

{18eO2

� ��
z

1

2
d18OH2O{18ek,H2O,1

� ��
1{xAOð Þ

z d18OH2Oz18eeq

� �
xAOð Þ

ð1Þ

d18ONO3, final~
2

3
1{xNOð Þ½ d18ONO2

zxNO

d18OH2Oz18eeq

� ��
z

1

3
d18OH2O{
�

18ek,H2O,2

�
ð2Þ

The first term in Eq. 1 represents the enzymatic in-
corporation of O2 and H2O during ammonia oxidation to
nitrite. This incorporation signal can be partially modified
if exchange (xAO) occurs between nitrite and H2O during
ammonia oxidation. The second term represents the d18O
contribution of O atoms that are added by this exchange.
The first term in Eq. 2 represents the d18O value of the
substrate nitrite used by nitrite oxidizers, which may be

modified by exchange of oxygen atoms between nitrite and
H2O during nitrite oxidation (xNO). xNO is included here
for completeness, although it has been found to have a

negligible effect on d18ONO3,nit (DiSpirito and Hooper 1986;
Friedman et al. 1986; Buchwald and Casciotti 2010). The
second term describes the d18O value of H2O incorporated
during nitrite oxidation to nitrate.

If Eq. 1 is arranged to group d18OH2O terms (Eq. 3), the
equation can be used to interpret the slope and intercept of
the linear regression between d18ONO2

and d18OH2O.

d18ONO2
~

1

2
z

1

2
xAO

� �
d18OH2O

z
1

2
d18OO2

{18ek,O2
{18ek,H2O,1

� ��

1{xAOð Þ�z18eeqxAO

ð3Þ

The first term represents the slope of the linear regression
and is dependent on the fraction of O incorporated en-
zymatically from H2O (1/2) and xAO. If there is no exchange
(xAO 5 0) a slope of 0.5 would be expected, and if there is full
exchange (xAO 5 1) the slope would be 1 (Fig. 3a). The last
two terms of Eq. 3 represent the intercept, which refers to the

d18O value of nitrite produced at a d18OH2O value of 0%. The
intercept can be used to calculate the sum of the incorporation

isotope effects for ammonia oxidation (18ek,O2
+ 18ek,H2O,1) by

using the exchange (xAO) calculated from the slope and

assuming d18OO2
5 +24.2% (appropriate for seawater

equilibrated with tropospheric O2, Kroopnick and Craig
1972) and 18eeq 5 +12.5% 6 0.5% (applicable for experiments
at room temperature; C. Buchwald and K. L. Casciotti
unpubl.).

d18ONO3, final~
2

3
z

1

3
xAO

� �
d18OH2O

z
1

3
d18OO2

{18ek,O2
{18ek,H2O,1

� ��

1{xAOð Þ{18ek,H2O,2

�

z
2

3
18eeqxAO

ð4Þ

Equation 4 describes the full isotope systematics of nitrification,
combining Eqs. 2 and 3. After substituting Eq. 3 into Eq. 2, we
simplify by assuming that there is no exchange during nitrite
oxidation (xNO 5 0) (discussed above) and then regroup terms

containing d18OH2O. The resulting Eq. 4 can be used to interpret

the d18ONO3
vs. d18OH2O regression for experiments where

ammonia is oxidized fully to nitrate (Fig. 3b). A slope of two
thirds would indicate no exchange during ammonia oxidation
(xAO 5 0), while a slope of 1 would indicate full exchange (xAO

5 1). The intercept of the nitrate regression is dependent on

d18OO2
, 18ek,O2

, 18ek,H2O,1, 18ek,H2O,2, 18eeq, and xAO. Using

values from the intercept of the nitrite regression for 18ek,O2
+

18ek,H2O,1 and the exchange (xAO) calculated from the slope in

Eq. 4, one can determine 18ek,H2O,2 assuming d18OO2
5 +24.2%

and 18eeq 5 +12.5%, as described above. Uncertainty in 18eeq (6
0.5%) is propagated through to incorporation isotope effects.

ð3Þ

ð4Þ
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Kinetic isotope fractionation of nitrite during oxidation
(18ek,NO2

; Fig. 1) may complicate interpretation of the
intercept of accumulated nitrite and of nitrate isotopes in
intermediate samples, when oxidation is incomplete. In-
verse fractionation of oxygen atoms in nitrite during nitrite
oxidation (Buchwald and Casciotti 2010) will cause nitrite
d18ONO2

values to be lower and d18ONO3
values to be higher

than if no nitrite oxidation had occurred, or if nitrite ox-
idation were complete. Therefore, in order to interpret in-
termediate samples, it is important to know whether and
how much nitrite oxidation has occurred at the time that
the sample is collected. In order to simplify the interpre-
tation, we sampled for d18ONO2

early in an experiment
(prior to commencement of nitrite oxidation), for interpre-
tation of the incorporation isotope effects associated with
ammonia oxidation, and for d18ONO3

values late in the
experiment (after all the ammonium had been converted to
nitrate d18ONO3,final

), for interpretation of the incorporation
isotope effect during nitrite oxidation. We should note here
that the inverse kinetic isotope effect only affects the in-
tercept at intermediate time points and does not affect the
slope of d18ONO2

or d18ONO3,final
vs. d18OH2O regressions, so

long as all bottles are sampled at the same time (the same
progress of ammonia and nitrite oxidation).

Results

Nitrite accumulation in coculture incubations—Total
incubation times for the laboratory coculture experiments
(CCEs 1–6) ranged from 3 to 59 d, with little accumulation of
nitrite (Table 1; Fig. 4a–c). In the first three experiments
(CCEs 1, 2, 3), with C-113a and N. mobilis, the ammonium
was completely converted to nitrate within 6 d. Only a small
amount (less than 2 mmol L21) of nitrite accumulated in these
experiments, for a maximum of 4 d. In CCE 4, where we

manipulated the AOB : NOB abundance ratio, ammonium
was oxidized fully to nitrate in 3, 7, or 16 d, depending on the
N. mobilis cell density. In this experiment, ammonia and
nitrite oxidation became decoupled at lower densities of
nitrite-oxidizing bacteria, and increasing amounts of nitrite
accumulated (1, 25, and 45 mmol L21) at lower AOB : NOB
ratios (Table 1; Fig. 4b). In CCEs 5 and 6, with AOA and N.
mobilis, it took 18–59 d for the ammonium to be consumed
because of the slower growth rate of the ammonia-oxidizing
archaea (Santoro and Casciotti 2011). These incubations had
an initial nitrite concentration of 7 mmol L21 as a result of
carry-over from the AOA inoculum, which was oxidized to
nitrate before the first time point (Fig. 4c). Afterward, NOB
maintained low levels (less than 1 mmol L21) of nitrite in the
medium, indicating that ammonia and nitrite oxidation were
tightly coupled (Fig. 4c). At the end of the experiment, final
d18ONO3

values were corrected for nitrate produced through
the oxidation of the initial nitrite in order to focus on nitrate
produced from ammonium in the variable 18O-enriched
media. This was done by calculating the d18ONO3

that would
have been produced from the preexisting nitrite (with a
known d18ONO2

value) using Eq. 2. Then the d18ONO3

produced was subtracted by mass balance from the
d18ONO3,final

for each bottle.

Nitrite accumulation in field incubations—It took longer
for field populations to fully oxidize the added ammonium,
with incubations lasting for 50 to 179 d before complete
oxidation was observed (Table 1; Fig. 4d–f). In FEs 7 and 8
from Vineyard Sound, nitrite accumulated to 50 mmol L21

before being fully oxidized to nitrate after 50–59 d (Fig. 4d).
The accumulated nitrite was present for at least 13 d and
may have persisted for as long as 40 d, although the sampling
frequency was not high enough to determine the exact
duration. For the third Vineyard Sound experiment (FE 9)

Fig. 3. A conceptual model of expected results from coculture experiments with varying d18OH2O media. (a) d18OH2O vs. d18ONO2
(b)

d18OH2O vs. d18ONO3,final
. In both plots the 0% and 100% exchange scenarios are indicated in dotted lines, and an exchange of 25% is

shown with the solid line. The water incorporation isotope effects used in the model are 18ek,O2
+ 18ek,H2O,1 5 20% and 18ek,H2O,2 5 10%.
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oxidation of ammonium to nitrate was completed within 84 d
(Table 1), and nitrite accumulated to a maximum concen-
tration of ,52 mmol L21 for as long as 53 d. In each of the
Vineyard Sound experiments, the indicated durations may
overestimate the true duration because sampling frequency
was low near the end of the experiments.

In the Costa Rica Dome, incubations were successful
(nitrification was detected) at two stations (2 and 3). At Sta.

2, nitrification occurred in water collected from the primary
nitrite maximum (FE 10), while the incubations at Sta. 3
were successful from both the surface (FE 11) and the
primary nitrite maximum (FE 12). In FE 10, complete
oxidation of ammonium to nitrate occurred in seven of the
eight bottles, including at least one from each of the four
d18OH2O values, and was completed in 79 d (Table 1). There
was a variable lag in initiation of nitrification among the

Fig. 4. Time course of ammonium, nitrite, and nitrate concentrations for coculture and field experiments: (a) CCE 2, C-113a, and N.
mobilis, (b) CCE 4, C-113a, and varied N. mobilis, (c) CCE 5, AOA CN25, and N. mobilis, (d) FE 7, Vineyard Sound 1, (e) FE 10, CRD, Sta.
2, and (f) FEs 11 and 12, CRD, Sta. 3. Black squares represent which nitrite samples were used for calculations in Tables 2 and 3 and Fig. 5a.
Nitrate concentration data for CCE 4 (removed for clarity) confirm N mass balance in the experiment.
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incubation bottles, and therefore the samples collected
represent differing stages of nitrification. We also measured
different amounts of accumulating nitrite (26 to
41 mmol L21) and durations of nitrite accumulation (26–
58 d), depending on when each subsample was collected.
Figure 4e shows the time course for one of seven bottles
that had complete nitrification. In the other two experi-
ments (FEs 11 and 12; Table 1) ammonia oxidation to
nitrite was detected in five or six bottles out of eight,
respectively, including at least one from each of the four
d18OH2O values. However, after ammonium was oxidized
completely to nitrite no nitrate was produced in the sub-
sequent 3 months (Fig. 4f), so only information on am-
monia oxidation can be taken from these two experiments.

In the ETSP the smaller amounts of ammonium
(1 mmol L21 or 5 mmol L21) added to incubations from
below the primary nitrite maximum were completely
oxidized to nitrate within 31–179 d (Table 1). Bottles were
sampled infrequently for nitrite determination, so we do
not know the exact amount and duration of accumulation;
however, the maximum amount of nitrite accumulation
would be 1 mmol L21 or 5 mmol L21, respectively, based on
the ammonium additions. After 17 d of incubation there
was a small amount of nitrite , 0.2 mmol L21 in some
bottles from both 1 mmol L21 and 5 mmol L21 ammonium
experiments below the primary nitrite maximum, indicating
that it was likely that nitrification was occurring. These
bottles had no nitrite left after 31 d. In the two surface
incubations ammonium had not been completely oxidized
to nitrate after 179 d, and they will not be discussed further.

Oxygen isotopic exchange during ammonia oxidation—
Type II regressions were conducted in Matlab (Mathworks)
to calculate the slopes and intercepts of d18ONO2

vs.
d18OH2O data (Fig. 5a) and d18ONO3,final

vs. d18OH2O data
(Fig. 5b) from 8 of 13 and 9 of 13 experiments, respectively
(Fig. 2), to account for measurement error in both x
(d18OH2O) and y (d18ONO2

or d18ONO3,final
). The calculations

were conducted using a least squares cubic fit (York 1966;
York et al. 2004).

The fraction of O atoms in nitrite exchanged with H2O
during ammonia oxidation fraction (xAO) was calculated
from the slope of d18ONO2

vs. d18OH2O (Eq. 3; Table 2). An
alternative estimate of xAO was obtained from the slope of
d18ONO3,final

vs. d18OH2O assuming xNO 5 0 (Eq. 4; Tables 2
and 3). The isotope effect for O atom incorporation during
nitrite oxidation (18ek,H2O,2) was calculated from the
intercept of d18ONO3,final

vs. d18OH2O and the intermediate
d18ONO2

data (Eq. 4; Table 3), assuming xNO 5 0.
Comparisons between the data, for example isotope effects
from coculture vs. field experiments, were analyzed by
using a t-test for two samples with equal variance. In these
tests, p values greater than 0.05 indicate there is no sig-
nificant difference between the mean of the two popula-
tions. In the cases for which we compared calculated
exchange from d18ONO2

and d18ONO3
data in the same

experiment, a paired t-test was conducted to determine
whether there is a significant difference between each
method for calculating exchange.

In CCEs 1, 2, 4a, and 5,where nitrite was maintained at
low levels, the amount of exchange measured was relatively
low. Estimates of xAO from d18ONO2

data ranged from 0.15
to 0.28 (Table 2), which closely matched previous estimates
for C-113a grown under similar conditions (Casciotti et al.
2010). Estimates of xAO from d18ONO3

data were lower (p 5
0.03), ranging from 20.05 to 0.09. It is generally expected
that xAO values from d18ONO3

would be lower than those
estimated from d18ONO2

data because nitrate is an
accumulated product recording the isotopic composition
of nitrite that has seen increasing amounts of exchange over
time, whereas d18ONO2

is an instantaneous measurement of
the total amount of exchange that has occurred at that
time. The longer nitrite is accumulating before the d18ONO2

is measured, the greater the expected difference between
xAO estimates. In the coculture experiments, d18ONO2

was
measured quite early in the experiment, and it was main-
tained at low levels for a short duration (3–5 d; Fig. 4a,c),
which minimized abiotic exchange. Despite this, xAO values
from d18ONO3

were still lower than from d18ONO2
data,

suggesting a contribution from abiotic exchange.

Fig. 5. (a) d18OH2O vs. intermediate d18ONO2
in eight experiments and (b) d18OH2O vs. final produced d18ONO3

for nine different
experiments. In both plots the 0% and 100% exchange scenarios are indicated in dotted lines.
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Decreasing the NOB : AOB ratio in CCE 4 led to
increased nitrite accumulation and exchange, as seen in
both d18ONO2

and d18ONO3
data (Tables 1 and 2). This

trend continued in the field experiments where nitrite ac-
cumulated and persisted for even longer periods of time
(30–60 d). In FEs 9–13 the exchange was generally high,
varying between 0.22 and 1.0, as determined from both
d18ONO2

and d18ONO3
data (Table 2). In FEs 9 and 10, xAO

values calculated from d18ONO3
data were higher than

estimated from d18ONO2
data (FE 9, 0.59 vs. 0.36; and FE

10, 1.15 vs. 0.71, respectively). This illustrates an exception
to the conceptual argument given above, which occurs
when nitrite undergoes further abiotic exchange between
the time when d18ONO2

is sampled and when d18ONO3
is

sampled, leading to a greater representation of exchange in
the d18ONO3

values. In keeping with this, consecutive
measurements of d18ONO2

from field experiments showed
increasing amounts of exchange after the initial d18ONO2

measurements were made, in contrast with coculture
experiments (CCEs 1, 2, 4a, 5, 6), which showed little
change in d18ONO2

over time (not shown). In field

experiments, we were not able to collect d18ONO2
measure-

ments early enough in the experiment to avoid inclusion of
abiotic exchange, and we were not able to correct for it, so
abiotic exchange is included in both d18ONO2

data and
d18ONO3

data, although to a greater extent in the latter.

Oxygen incorporation isotope effects during nitrification—
The y-intercepts of the d18ONO2

(or d18ONO3
) vs. d18OH2O

regressions (Eqs. 3, 4; Fig. 5; Table 3) represent the d18O
values of nitrite (or nitrate) produced in water with a
d18OH2O value of 0%. The intercept will be dependent on
the isotopic composition of oxygen atom sources (H2O and
O2), the isotope effects for O atom incorporation during
nitrification, and the amount of O atom exchange between
nitrite and H2O. Therefore, if one determines the amount
of exchange (from the slope) and measures or assumes d18O
values for H2O and dissolved oxygen, the isotope effects for
O atom incorporation can be determined from d18ONO2

and
d18ONO3

data (Eqs. 3, 4; Fig. 5; Tables 2 and 3).
The intercepts for d18ONO2

in all experiments ranged
from +2.8% to +9.5%, increasing with increasing amounts

Table 2. The fraction of O atoms in nitrite exchanged during ammonia oxidation (xAO)

Experiment

d18ONO3
vs.

d18OH2O slope
d18ONO2

vs.
d18OH2O

slope
xAO calculated

from d18ONO3

xAO calculated

from d18ONO2

1 0.7060.00 0.5860.00 0.0960.05 0.1660.05
2 0.6860.00 0.6460.00 0.0560.05 0.2860.05
3 0.6560.00 nd 20.0560.05 nd
4a 0.6860.02 0.5860.00 0.0460.05 0.1560.05
4b 0.7260.00 0.6060.00 0.1760.05 0.1960.05
4c 0.7560.01 0.6160.00 0.2660.05 0.2160.05
5 0.6960.00 0.5860.02 0.0760.05 0.1660.05
6 0.6660.00 nd 20.016 0.05 nd
9 0.8660.02 0.6860.01 0.5960.07 0.3560.05

10 1.0560.05 0.8660.02 1.1560.15 0.7160.05
11 na 0.6160.03 na 0.2260.05
12 na 1.0360.09 na 1.0560.18
13 0.8360.03 nd 0.4860.09 nd

nd, not determined because there was too little nitrite; na, not applicable because nitrate was not produced.

Table 3. The isotope effects for incorporation of oxygen and water during nitrification.

Experiment

d18ONO3 , final vs. d18OH2O

intercept (%)
d18ONO2

vs. d18OH2O

intercept (%)
Calculated

18ek,O2
+18ek,H2O,1 (%)

Calculated
18ek,H2O,2 (%)

1 21.560.0 +3.560.1 20.860.1 9.760.2
2 21.660.1 +4.660.1 21.060.2 8.660.4
3 20.960.2 nd nd nd
4a 21.060.5 +2.860.2 22.160.3 5.861.9
4b 20.460.1 +3.060.1 22.760.2 6.660.5
4c +0.360.3 +4.260.2 20.360.3 8.561.0
5 21.760.1 +5.360.4 16.460.6 12.460.6
6 +0.760.1 nd nd nd
9 +5.261.4 +5.960.2 19.760.6 0.864.5

10 20.761.6 +9.560.6 20.362.9 27.265.7
11 na +7.860.7 11.461.1 na
12 na +9.562.5 na na
13 +1.361.4 nd nd nd

nd, not determined because there was too little nitrite; na, not applicable because nitrate was not produced or because there was full exchange.
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of exchange. Laboratory coculture experiments (average
+3.9% 6 0.8%) were significantly lower than field
experiments (average +8.2% 6 1.7%) (p 5 0.0005). Based
on these intercepts, and assuming constant d18OO2

values of
+24.2% in all experiments, the combined incorporation
isotope effects for ammonia oxidation (18ek,O2

+ 18ek,H2O,1)
ranged from +11.4% to +22.7% (Table 3). The isotope
effect for O atom incorporation was very consistent among
the AOB experiments (+21.4% 6 1.0%) and slightly lower
in AOA experiments (+16.4% 6 0.6%; Table 3). Unfortu-
nately, we cannot perform a statistical test between AOB
and AOA experiments because there was only one AOA
experiment in which 18ek,O2

+ 18ek,H2O,1 was measured. This
combined isotope effect was measured in three field ex-
periments (FEs 9, 10, 11) and showed a range of +11.4% 6
0.1% to +20.3% 6 3.1%. The low value was determined to
be an outlier by Chauvenet’s criterion, which is defined by
the value being greater than two standard deviations from
the mean (Taylor 1997). After excluding this value there is
no significant difference in the 18ek,O2

+ 18ek,H2O,1 measured
in coculture vs. field experiments (p 5 0.18), and the overall
average is +20.4% 6 2.3%. This indicates that the main
cause for the higher d18ONO2

intercepts in field experiments
compared with coculture experiments is more exchange (a
larger xAO), not lower 18ek,O2

+ 18ek,H2O,1 values. In FE 12
there was full exchange, thus erasing any record of 18ek,O2

+
18ek,H2O,1. In FE 13 nitrite concentrations were too low for
d18ONO2

analyses.
The intercepts for d18ONO3

in the nine complete
experiments ranged from 21.5% to 5.2% (Table 3).
Excluding one Vineyard Sound experiment (FE 9), which
was determined to be an outlier (greater than two standard
deviations from the mean), lowers the upper estimate to
+1.3%. With the slope and intercept from the d18ONO3

regression and the isotope effects for H2O and O2

incorporation from the d18ONO2
data (Fig. 5a; Table 3),

the isotope effect for H2O incorporation during nitrite
oxidation (18ek,H2O,2) could be calculated using Eq. 3. These
values ranged from +0.8 to +27.2% (Table 3). Laboratory
experiments, all conducted with N. mobilis, gave 18ek,H2O,2

values ranging from +5.8% to +12.4%, with an average of
+8.6% 6 2.3%, which is lower than what was reported
previously from monoculture incubations (+17.8% 6
4.7%; Buchwald and Casciotti 2010). The current experi-
ments were not shaken, though, and some of the variability

observed here may be due to variable amounts of dissolved
oxygen consumption, leading to variations in d18OO2

,
which would be erroneously attributed to variations in
18ek,H2O,2. Field experiments fell at the two extremes, with
FE 9 having a 18ek,H2O,2 value of +0.8% and FE 10 having a
18ek,H2O,2 value of +27.2% (Table 3). Even for a biological
process, this range in 18ek,H2O,2 is wider than expected and
could represent the activity of different nitrite oxidizer
communities in Vineyard Sound, Massachusetts, compared
with the Costa Rica Dome.

Among the five field experiments, two (FEs 7 and 8) did
not have varied d18OH2O, so xAO and incorporation isotope
effects could not be determined. Nevertheless, the final
d18ONO3

values of nitrate produced in these experiments
(corrected for the preexisting nitrate) provide an indepen-
dent estimate of the d18ONO3

value produced via nitrifica-
tion by natural marine assemblages at natural seawater
pH and d18OH2O values. The d18ONO3

values produced
in these experiments were between 20.7% and +1.3%, with
d18OH2O values of 21.5% and 21.8%, respectively
(Table 4). These values are similar to the d18ONO3

intercepts
observed in experiments with variable d18OH2O media.
Because the d18OH2O values in most of these experiments
were lower than bulk seawater d18OH2O, the d18ONO3

values
from these experiments should generally be lower than the
intercepts in Table 3 (d18ONO3

at d18OH2O 5 0%; produced
d18ONO3

should increase by 0.67–1% per 1% increase
in d18OH2O, depending on the amount of exchange that
occurred). In the last experiment (FE 13) the d18OH2O

values were higher (0.2% and 0.5%) than bulk seawater,
and therefore the d18ONO3

values are higher than the
intercept given in Table 3.

Discussion

Nitrite accumulation and oxygen isotope exchange in
the ocean—Our current estimates from coculture experi-
ments, including those with AOA, indicate that biological
equilibration between nitrite and H2O during ammonia
oxidation is most likely less than 25% and that the
biological equilibration between nitrite and H2O during
nitrite oxidation is negligible. Field experiments generally
showed higher levels of exchange (22–100%), which we
attribute to abiotic processes that occur when nitrite ac-
cumulates in seawater. Although field experiments may not
exhibit some biases of culture work, we suspect that the
addition of NH4

+, which was necessary to create a mea-
surable signal in d18ONO3

, perturbed the system into an
unnatural state. Given the long containment in bottles,
large accumulations of nitrite, and long lags before
commencement of nitrite oxidation, we argue that the high
exchange observed in field experiments most likely does not
resemble the tightly coupled nitrification system occurring
in much of the ocean.

Even in the coculture experiments the low levels of
exchange could potentially be explained by abiotic, rather
than biological, exchange. The rate of abiotic exchange is
dependent on pH and temperature, and based on typical
exchange rates at a seawater pH at room temperature
(Casciotti et al. 2007; C. Buchwald and K. L. Casciotti

Table 4. d18ONO3
produced in field experiments.

Field
experiment

d18OH2O (% vs.
VSMOW)

Final d18ONO3
(% vs.

VSMOW)

7 21.560.5 +0.560.4
+1.360.3

8 21.860.2 20.360.2
20.760.2
20.160.2

9 22.260.2 +2.760.4
10 20.160.3 +0.660.2

0.060.5 +0.160.2
13 +0.260.2 +3.560.5

+0.560.2 +5.260.6
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unpubl.) we would expect about 2% abiotic exchange per
day in our experiments. With little biological exchange
occurring during ammonia oxidation and nitrite oxidation,
any exchange during nitrification in the ocean may be
determined strictly by duration of nitrite accumulation
relative to the rate of abiotic processes. If nitrite is allowed
to accumulate, exchange may be extensive, while if nitrite
is kept at low levels exchange may be minimal. This ob-
servation mirrors results from Snider et al. (2010), where
large amounts of nitrite accumulated during nitrification in
incubations of terrestrial and agricultural soils and they
measured high amounts of exchange (up to 88%).

While most of the ocean contains very little accumulated
nitrite, ammonia and nitrite oxidation can become uncou-
pled in the primary nitrite maximum (PNM; Wada and
Hattori 1971), a region of locally elevated nitrite concen-
trations that frequently occurs at the base of the euphotic
zone (Lomas and Lipschultz 2006). Within the PNM,
nitrite oxidation rates can be quite low, and nitrite may
have long residence times, on the order of weeks to months
(Dore and Karl 1996; C. Buchwald and K. L. Casciotti
unpubl.). Under these conditions, abiotic exchange between
nitrite and H2O could be extensive, and much of the nitrate
produced may have lost its primary d18OO2

signal. Below
the PNM, nitrite is generally held in low concentrations,
with ammonia and nitrite oxidation tightly coupled. Under
these circumstances, little abiotic exchange would be
expected.

In addition to the PNM, a secondary nitrite maximum
(SNM) occurs in areas of the ocean with low oxygen con-
centrations in intermediate waters, referred to as oxygen
deficient zones (ODZs). The three major ODZs are located
in the Eastern Tropical South Pacific, Eastern Tropical
North Pacific, and the Arabian Sea. While they account
for a small area of the ocean, they can have high nitrite
concentrations (Codispoti et al. 1986) and a large effect on
the oceanic nitrate isotope budget (Brandes and Devol
2002; Deutsch et al. 2004; Sigman et al. 2009). Nitrification
can also occur at the edges of an ODZ, where nitrite and
oxygen coexist (Anderson et al. 1982; Ward et al. 1989;
Casciotti and McIlvin 2007). Here, too, the oxidized nitrite
may have been strongly affected by equilibration. Depend-
ing on whether the majority of nitrification is associated
with features such as the PNM and SNM, or in parts of the
water column with tightly coupled ammonia and nitrite
oxidation, oxygen isotope exchange may be more or less
important in setting d18ONO3

values in the ocean.

Consistency with oceanographic data and models—Rela-
tively small vertical and horizontal gradients have been
observed in intermediate and deep ocean d18ONO3

values
(Casciotti et al. 2002; Sigman et al. 2009), and studies
interpreting d18ONO3

and d15NNO3
values using biogeo-

chemical models have generally assumed d18ONO3
values of

newly produced nitrate to be near that of seawater (0% 6
1%; Sigman et al. 2005; Casciotti and McIlvin 2007;
Wankel et al. 2007). This assumption has been justified by
the importance of H2O as an O atom source to nitrate
(Andersson and Hooper 1983; Kumar et al. 1983), from
high levels of equilibration between nitrite and H2O

reported in early studies of ammonia oxidation (Dua et al.
1979; Andersson et al. 1982), and the low d18ONO3

variations in deep water noted above. However, while
equilibration of nitrite with H2O should indeed remove
d18ONO3

variations associated with variations in d18OO2
and

lessen deep ocean gradients in d18ONO3
(Sigman et al. 2009),

the equilibrium isotope effect (18eeq) for this exchange
should raise d18ONO2

to +11.4% to +15.1% above that of
ambient d18OH2O, depending on temperature (Casciotti
et al. 2007; C. Buchwald and K. L. Casciotti unpubl.). In
order to generate d18ONO3

values in newly produced nitrate
that are near 0%, the increase in d18ONO2

due to
equilibration between nitrite and H2O must be offset by
the kinetic isotope effect for O incorporation from H2O
during nitrite oxidation (18ek,H2O,2). Our results have shown
that this can happen. For example, in this study, we find
d18ONO3

produced at values of 20.7% to +1.3%, even
where large amounts of exchange have taken place. In one
of these cases, the estimated 18ek,H2O,2 value was as high as
+27.2% (Table 3). It is not known what may cause
variation in expressed 18ek,H2O,2 values at different field
sites, but it may be related to the presence of specific nitrite-
oxidizing bacteria or changes in their growth conditions.

The results of this study suggest that nitrification in
much of the ocean may proceed with little biologically
catalyzed exchange but that abiotic equilibration may be
important when nitrification occurs in the vicinity of a
primary or secondary nitrite maximum. Where nitrification
occurs with tightly coupled ammonia and nitrite oxidation,
O from dissolved O2 may be retained as 1 in 3 O atoms in
nitrate. This conclusion is in apparent discrepancy with
models that are able to simulate the low variation in deep
and intermediate ocean d18ONO3

only with very little
retention of O from dissolved oxygen (xAO , 1) (Sigman
et al. 2009).

In order to test the predicted d18ONO3
dependence on

d18OO2
, we constructed a simple Rayleigh model where

nitrate is produced by nitrification with no biotic or abiotic
exchange, so that it contains 1 in 3 O atoms from dissolved
O2 (Fig. 6). Consumption of O2 causes d18OO2

to increase
with an isotope effect of 18% (Bender 1990), and nitrate
accumulates from that produced instantaneously at in-
creasing d18OO2

values, according to Eq. 4. According to
this calculation, while d18OO2

increases nearly 11.8%,
d18ONO3

increases only 1.8%, which is approximately
15% of the increase in d18OO2

. In addition to this, only
nitrate that is locally produced should track increases in
ambient d18OO2

, and the presence of preformed nitrate will
decouple the relationship between d18OO2

and d18ONO3
. The

relationship between d18OO2
and d18ONO3

can also change
at extremely low dissolved oxygen concentrations (high
d18OO2

values), where d18ONO3
is elevated because of other

processes, such as denitrification. It is difficult to disentan-
gle the effects of nitrification with elevated d18OO2

levels,
abiotic exchange, and denitrification on d18ONO3

in the
vicinity of oxygen deficient zones, and more sophisticated
models would be required to better evaluate the implica-
tions of these processes for deep ocean d18ONO3

. While we
cannot exclude exchange, particularly from abiotic pro-
cesses, as a factor in d18ONO3

in the ocean, full exchange

1372 Buchwald et al.



may not be necessary to explain the small gradients ob-
served in intermediate and deep d18ONO3

values.

Expected d18ONO3
for nitrification in the ocean—

The d18O value of newly produced nitrate from nitrification
(d18ONO3,nit) is an important parameter for biogeochemical
models used to interpret oceanic d18ONO3

and d15NNO3

(Wankel et al. 2007; DiFiore et al. 2009; Sigman et al.
2009). This value is constrained to be less than +2.5% (the
average d18O value of deep ocean nitrate; Casciotti et al.
2002; Knapp et al. 2008; DiFiore et al. 2009) because
processes consuming nitrate should cause 18O enrichment
in residual nitrate relative to the nitrification source
(Granger et al., 2004; Granger et al., 2008). The main goal
of this study was to develop a better understanding of the
determinants of d18ONO3,nit to use in global ocean nitrate
isotope models. Previous experiments with ammonia-
oxidizing bacteria and nitrite-oxidizing bacteria grown
separately suggested that the d18ONO3

values for nitrate
produced in well-oxygenated seawater (d18OH2O , 0%,

d18OO2
, +23.5%) could range from 28.3% to 20.7%,

depending on amounts of exchange and fractionation
associated with the different species investigated (Buch-
wald and Casciotti 2010). However, the extent to which
variations in d18OH2O and d18OO2

would affect d18ONO3,nit

in mixed communities was not well constrained. In our
current coculture experiments, where very little nitrite
accumulated (and consequently a low amount of exchange
was observed), d18ONO3

values ranged from 21.5% to
+0.7%, with an average of 20.9% 6 0.8%. In the

field experiments we measured slightly larger d18ONO3

intercepts, falling between 20.7% and 1.3% (neglecting
one outlier; Table 4).

One of the main factors driving variations in d18ONO3

produced in our experiments appeared to be the duration of
nitrite accumulation and the extent to which abiotic ex-
change altered the d18ONO2

value prior to oxidation. When
ammonia oxidation outpaced nitrite oxidation and nitrite
accumulated, significant amounts of abiotic exchange be-
tween nitrite and H2O could take place, generally leading
to higher d18ONO3

values. This may be counterintuitive
because d18OO2

is always higher than d18OH2O in the ocean.
However, there is a large kinetic isotope effect for O
incorporation, which lowers the overall d18O value of the
incorporated O atom. Exchange leads to higher d18ONO3

values because of the equilibrium isotope effect for
exchange between nitrite and H2O. In one field experiment
from the CRD (FE 10), the d18ONO3

value was similar
(20.7% 6 1.6%) to coculture data, despite the higher
amounts of exchange observed. This is potentially ex-
plained by a large isotope effect for H2O incorporation
during nitrite oxidation (18ek,H2O,2), which offsets the
equilibrium isotope effect. In another case (FE 13) we
observed high levels of exchange despite low nitrite
accumulations. This highlights the possibility that it is not
necessarily the amount of nitrite that accumulates, but ra-
ther the duration of nitrite accumulation or rate of biolo-
gical turnover relative to the rate of abiotic equilibration,
that determines the effect of abiotic exchange on d18ONO3

.
The anomalous Vineyard Sound experiment (FE 9) had

a d18ONO3
intercept that was determined to be an outlier

among all other experiments, although the d18ONO2

intercept was not. This combination of d18ONO2
and

d18ONO3
intercepts yielded a low estimate of 18ek,H2O,2 from

Eq. 4. We do not have an explanation for why this
experiment is so different from the others, but given the
extremely long duration of nitrite accumulation, we do not
believe the results to be representative of nitrification in the
open ocean. A d18ONO3

value of 5.3% is also not consistent
with deep ocean d18ONO3

values of 2.5% or less, although
we cannot rule out the possibility that nitrification in the
euphotic zone produces nitrate with a higher d18ONO3

value.
Despite large ranges in measured exchange and

incorporation isotope effects, there was remarkably little
variation in d18ONO3

produced. The current results suggest
that d18ONO3

of newly produced nitrate in the ocean
(when d18OH2O 5 0% and d18OO2

5 +24.2%) most likely
lies between 21.5% and +1.3%. This range represents
differences in microbial communities and growth condi-
tions under which nitrate is produced, which may lead to
different amounts of exchange and/or fractionation
during ammonia and nitrite oxidation. The full range in
d18ONO3

values produced in the ocean may be slightly
larger as a result of variations in d18OH2O and d18OO2

values
in seawater. Variations in d18ONO3,nit due to d18OO2

variations are likely to be less than 4% (1/3 3 variation in
d18OO2

), and those due to d18OH2O are likely to be smaller
than that (2/3 3 variation in d18OH2O). While there may be
slight variations in the d18ONO3

produced by nitrification

Fig. 6. Rayleigh model for nitrate production in the ocean as
d18OO2

increases from respiration with an isotope effect of 18%.
Instantaneous nitrate is produced through Eq. 4 with d18OH2O 5
0%, 18ek,O2

+ 18ek,H2O,1 5 19.7%, 18ek,H2O,2 5 8.9%, and 18eeq 5
12.5% with xAO 5 0 (dashed purple line) and xAO 5 1 (red line).
Accumulated nitrate is summed from the incremental products
and their d18O values with xAO 5 0 (solid purple line). For xAO 5
1 the d18ONO3

values are the same for accumulated and
instantaneous nitrate.
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in the ocean, the overall predicted range is narrow, and
the better constrained relationship between d18ONO3,nit,
d18OH2O, and d18OO2

can be used in future oceanic
models.
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